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Transient absorptionPhotosynthetic organisms have developed vital strategies which allow them to switch from a light-harvesting to
an energy dissipative state at the level of the antenna system in order to survive the detrimental effects of excess
light illumination. These mechanisms are particularly relevant in diatoms, which grow in highly ﬂuctuating light
environments and thus require fast and strong response to changing light conditions. We performed transient
absorption spectroscopy on FCPa, the main light-harvesting antenna from the diatom Cyclotella meneghiniana,
in the unquenched and quenched state. Our results show that in quenched FCPa two quenching channels are
active and are characterized by differing rate constants and distinct spectroscopic signatures. One channel is
associated with a faster quenching rate (16 ns−1) and virtually no difference in spectral shape compared to the
bulk unquenched chlorophylls, while a second channel is associated with a slower quenching rate (2.7 ns−1) and
exhibits an increased population of red-emitting states. We discuss the origin of the two processes in the context
of the models proposed for the regulation of photosynthetic light-harvesting. This article is part of a Special Issue
entitled: Photosynthesis Research for Sustainability: Keys to Produce Clean Energy.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
In order to cope with the deleterious effects of excess light illumina-
tion andmore generally as a response to unfavorable growth conditions,
photosynthetic organisms have developed protective strategies gener-
ally known as non-photochemical quenching (NPQ). While the process
has been the subject of extensive investigation in plants [1,2], much less
research has been devoted to understanding NPQ in algae. In plants,
four mechanisms involving either chlorophyll–carotenoid [3–7] or
chlorophyll–chlorophyll interaction [8,9] have been proposed to be
(partly) responsible for energy dissipation. Increasing evidence has
recently emerged pointing to charge-transfer states as key players
in the regulation of photosynthetic light-harvesting [4–6,10,11].
Diatoms are unicellular photosynthetic organisms with light-
harvesting systems termed fucoxanthin–chlorophyll proteins (FCP)
due to theprominence of the fucoxanthin (Fx) carotenoid [12]. FCPsdem-
onstrate highhomology to the LHCII antennaeof higher plants,with somePhotosynthesis Research for
rera@vu.nl (R. Berera).distinct differences, particularly in pigment composition [13,14]. These
diatom light-harvesting antennae contain chlorophyll a (Chl a), as in
plants, but in addition they bind Chl c rather than the Chl b. Furthermore,
there is a higher ratio of carotenoids, with four Fx per four Chl a and one
Chl c [15]. In addition to the Fx carotenoid, diadinoxanthin (Dd) and
diatoxanthin (Dt) are bound in sub-stoichiometric amounts. Under high
light conditions, Dd is converted to Dt, which further correlates with a
build-up of NPQ, analogous to the xanthophyll cycle in plants [16–19].
Finally, the Fx carotenoid contains a carbonyl group on the conjugated
backbone, resulting in an intramolecular charge transfer (ICT) state
which is coupledwith the ﬁrst excited singlet state S1, causing the excited
state dynamics to depend strongly on the polarity of the environment
[20,21].
Not only the pigment complement, but also the polypeptides and
the supra-molecular arrangement of FCPs show some differences com-
pared to the organization of the antennae in higher plants. In the diatom
Cyclotella meneghiniana two main FCPs can be found, differing in poly-
peptide composition as well as in oligomeric state. FCPa is a trimeric
complex composed of different Lhcf and Lhcx polypeptides, whereas
FCPb is a higher oligomer built from probably nine identical Lhcf sub-
units [13,19]. Lhcf polypeptides are a group of Lhc proteins thought to
be involved mainly in light-harvesting, whereas Lhcx proteins were
proven to be involved in photoprotection [22]. In line with this, several
spectroscopic in vitro studies demonstrated reduced ﬂuorescence yield
of FCPa complexes under conditions that promote NPQ in vivo, such as
Fig. 1. Steady-state absorption of sFCPa and qFCPa samples for transient absorption. The
red arrow indicates the excitation wavelength.
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FCPa complexes [11,23,24].
Diatomspossess highly efﬁcientNPQ, stronger than in any terrestrial
plants [18,25,26]. This process has been explored in various diatoms by
biochemical and spectroscopic techniques [11,16,18,22,23,27–35].
These studies have demonstrated the essential role of Lhcx, noted
above, as well as the accumulation of diatoxanthin [18], akin to the ac-
cumulation of zeaxanthin in higher plants. Spectroscopic studies both
in vivo and in vitro point towards multiple quenching processes/sites
in FCPs [24,29,30,35], though the time-scales of the quenching and
exact molecular mechanisms involved remain under investigation.
In order to obtain further insight into the biophysical mechanisms
underlying the photoprotective energy dissipation in diatoms, we ap-
plied transient absorption spectroscopy [36] to FCPa isolated from the
diatom C. meneghiniana. Previous work, including our own [15], has
demonstrated the efﬁcient and fast energy transfer from fucoxanthin
and Chl c to Chl a in FCPs [31,37]. Herein, the complexes were studied
in the light-harvesting and dissipative (quenched) states upon selective
Chl a excitation at 680 nm in order to focus on quenching processes
within the Chl a pool. We applied global and target analysis techniques
[38] to our data and determined the detailed kinetics of the quenching
process and the spectroscopic signatures of the quenching species. Our
results reveal two quenching processes in FCPa characterized by fast
and slowquenching rates and distinct spectroscopic signatures, pointing
to the contribution of a charge-transfer state in the photoprotective
mechanisms of this diatom.
2. Materials and methods
2.1. Preparation of FCP complexes
The diatom C. meneghiniana (Culture Collection Göttingen, strain
1020-1a) was cultured and FCPa complexes were isolated as previously
described [23]. In brief, cells were harvested after growth in modiﬁed
ASP medium supplemented by 2 mM silica [39] for 7 days under
white light (140 μmol photons m−2 s−1) with a 16 h light/8 h dark
cycle at 18C. Thylakoidmembranes were isolated by several centrifuga-
tion steps after breaking the cells in a beadmill and thylakoids contain-
ing 0.5 mg total Chl a (0.25 mg/mL) were solubilized for 20 min on ice
with 20 mM ß-dodecyl maltoside (ß-DDM, Glykon, Germany) (1 mol
Chl a: 70 mol ß-DDM). FCPa was then separated by ion exchange chro-
matography in buffer 1 (25mMTris, 2mMKCl, 0.03% ß-DDM (w/v), pH
7.4) followed by a sucrose gradient ultracentrifugation (27000 rpm,
4 °C) to remove remaining contaminations from photosystems. After
preparation, the FCPa complexeswerewashed once using buffer 1with-
out ß-DDM and then concentrated using ﬁltration devices with 30 kD
cutoff (Centripreps). For the preparation of quenched, i.e. aggregated,
FCPs, several steps of dilutions and concentrations were done followed
by dialysis against buffer 1 without ß-DDM (38 h, 4 °C). Afterwards,
the quenched state of the FCPa samples was adjusted by incubation
with 50 mg of bio-beads (SM-2 adsorbent, Bio-Rad), to give samples
with ﬂuorescence reduced by a factor of≈15.
2.2. Transient absorption spectroscopy
Femtosecond pulses were obtained from a Ti:sapphire oscillator-
regenerative ampliﬁer (Coherent Mira seed and RegA) to obtain
≈80 fs pulses at 800 nm at 40 kHz repetition rate. The beam was split
in two, with one path focused on a sapphire disk to generate a white
light continuum for the probe beam. The remainder of the 800 nm
beam was used to pump an optical parametric ampliﬁer (Coherent
OPA) to obtain ≈100 fs pulses centered at 680 nm for the pump
beam, focused to a spot size of≈150 μm. The energy for pulse varied ac-
cording to the experiment, and is indicated in the results below. The po-
larization between the pump and probe beams was set at magic angle
and the instrument response function was ﬁt to a Gaussian of≈100 fs(FWHM). Cuvettes with 2 mm pathlength were used, and all measure-
ments were done at room temperature. The data were analyzed with
global analysis techniques to retrieve Evolution Associated Difference
Spectra (EADS) which represent in general a mixture of molecular
states. In addition, target analysis was done using a speciﬁc kinetic
scheme to retrieve Species Associated Difference Spectra (SADS),
which correspond to pure molecular species [38].3. Results
3.1. Steady-state characterization
Fig. 1 shows the steady-state absorption spectra of FCPa in both
the solubilized (light-harvesting) and aggregated (quenched) states,
hereafter referred to as sFCPa and qFCPa, respectively. The Qy ab-
sorption band of Chl a peaks at 672 nm, while that of Chl c is seen
in much lower ratio at 636 nm. The broad signal between 475 and
550 nm is due to carotenoid absorption, primarily fucoxanthin and
diadinoxanthin, with minor amounts of diatoxanthin [13,19]. The
spectra are in agreement with previous reports [31,32]. Relative to
sFCPa, qFCPa demonstrates some broadening in the Soret band as
well as a small tail to the red side of the Qy band. These features are
due to aggregate formation and some scattering due to aggregate
size.3.2. Transient absorption spectroscopy
Transient absorption spectra were measured for both sFCPa and
qFCPa at λex = 680 nm. The corresponding kinetics monitored at
677 nm are shown in Fig. 2 and demonstrate the shorter excited state
lifetime of qFCPa, evidenced by the faster recovery of the ground-state
bleach (GSB). Transient kinetics of sFCPa and qFCPa at varying incident
pump intensities are shown in Fig. 3, monitored at 677 nm. The kinetics
from the 2.5 and 15 nJ/pulse experiments are scaled relative to the
10 nJ/pulse data with scaling factors of 0.18 and 1.62 for sFCPa and
0.22 and 1.49 for qFCPa. It is readily apparent that the lowest energy
data (black trace) decaymore slowly over the timescale of themeasure-
ment. However, the 10 and 15 nJ/pulse kinetics exhibit very similar be-
havior. This suggests a linear regime during the ﬁrst picoseconds for
these powers. After 1 ps and up to tens of picoseconds, the 15 nJ/pulse
trace (blue) shows the fastest decay, whereas the 10 nJ/pulse traces
(red) are intermediate. (Fig. 3b) These power dependent studies indi-
cate that the 2.5 nJ/pulse measurements demonstrate signiﬁcantly less
annihilation character than the 10 and 15 nJ/pulse data.
Fig. 2. Transient kinetics of sFCPa and qFCPameasured at 2.5 nJ/pulse incident power and
monitored at 677 nm, demonstrating the recovery of the Qy GSB.
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Global analysis of the transient absorption measurements resulted
in the evolution associated difference spectra (EADS) shown in Fig. 4
for 2.5 nJ/pulse incident pump intensity. These traces represent the
spectral evolution via a sequential kinetic scheme.
The sFCPa sample requires three time components (Fig. 4a) to ﬁt the
data. The ﬁrst (cyan) EADS shows the GSB and stimulated emission (SE)
of Chl a centered at 675 nm appearing immediately after photoexcita-
tion. The positive features from 600 to 620 nm are most likely due to
Raman scatter due to interaction of the pump light with the solvent.
Thisﬁrst spectrumdecays in 167 fs. This ultrafast component is attribut-
ed to vibrational cooling within Chl excited states and equilibration to-
wards bluer absorbing Chls. The spectral shape may also be slightly
inﬂuenced by a contribution from the coherent artifact. The second
(red) EADS also exhibits the negative features associated with GSB
and SE, as well as positive features attributed to Chl a excited state ab-
sorption (ESA). We observe also that due to photoexcitation at the red
side of the Qy absorption, the GSB and SE are blue shifted as a result of
uphill energy redistribution. This red spectrum evolves in 111 ps to
the ﬁnal black EADS, which subsequently decays in 3.5 ns. From the
red to the black EADS we observe a small loss in the amplitude of the
GSB, which we propose to be due to small amount of quenching
[35,40,41] and/or annihilation occurring in sFCPa. The ﬁnal 3.5 ns
decay reﬂects the S1→ S0 lifetime of Chl a in sFCPa.
The EADS of qFCPa at this pump intensity also ﬁts well with three
components (Fig. 4b). We observe ﬁrst a fast initial decay reﬂected byFig. 3. Transient kinetics of a) sFCPa and b) qFCPa atthe evolution from the cyan to the red EADS in 600 fs. Considering the
larger energetically connected domain available in the aggregates, it is
reasonable that energy redistribution will occur on a slower average
timescale hence the longer lifetime of the ﬁrst EADS in the qFCPa com-
pared to sFCPa.We thus again attribute thisﬁrst evolution to vibrational
cooling and equilibration, as well as some contribution from a coherent
artifact. The resultant red EADS exhibits GSB/SE and Chl a ESA features
as described above for sFCPa and theGSB is also slightly blue shifted fol-
lowing equilibration. This red spectrum decays in 29.6 ps to the black
EADS and this process also results in a signiﬁcant reduction (≈60%) of
the GSB/SE amplitude. The ﬁnal black spectrum exhibits similar GSB/
SE and ESA features as the other spectra, but also demonstrates an addi-
tional feature which manifests on the red side of the SE from≈680 to
715 nm. This red to black evolution is attributed to extensive energy
transfer in the aggregates due to the greater energetic coupling as
noted above, which results in increased population of lower energy
states and quenching. The black EADS decays in 203 ps. Within the
signal-to-noise resolution at this pump intensity, there is no residual
signal after the decay of the black spectrum. Thus in qFCPa the Chl a ex-
cited state is completely quenchedwithin hundreds of picoseconds, rel-
ative to the 3.5 ns observed for the lifetime of sFCPa.
Global analysis was also done for the datawith 10 nJ/pulse pump in-
tensity (Supporting Information, Figure S1). At this incident power the
signal-to-noise is improved enough that we can survey a larger wave-
length region reliably. However, singlet–singlet annihilation must also
be taken into consideration. The higher intensity EADS ﬁt to very similar
time scales as for the 2.5 nJ/pulse, with faster lifetimes attributed to the
contributions from annihilation. Most relevantly, the new negative fea-
ture observed in the last qFCPa EADS is again present at the higher inci-
dent pump power. Also, in the wider spectral window, we are also able
to observe the fucoxanthin carotenoid triplet (3⁎Fx) around 560 nm
which is formed via quenching of 3⁎Chl a by Fx [15,42–45]. This is ob-
served in signiﬁcantly lower amplitude for qFCPa than for sFCPa, as ex-
pected for a quenched complex.
The global analysis of the transient absorption data thus suggests
two quenching processes in qFCPa, with the observation of a fast and
a slow component on the order of tens andhundreds of picoseconds, re-
spectively. Furthermore, the slower process manifests increased energy
transfer to redder emitting states, resulting in a distinctive spectral line
shape, very different than any of the EADS of the sFCPa sample.
3.4. Target modeling
In order to disentangle the contributions from quenching and anni-
hilation, and to obtain the spectra of the various states involved in the
energy transfer and energy dissipation processes, we applied a targetvarying power intensities monitored at 677 nm.
Fig. 4. EADS from global analysis of a) sFCPa and b) qFCPameasured at pump intensity 2.5 nJ/pulse.
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mental model of the kinetic scheme which allows for two independent
quenching channels within the Chl a pool, as was suggested from the
global analysis. With target analysis we can retrieve the Species Associ-
ated Difference Spectra (SADS), which correspond to the spectra of mo-
lecular species associated with the respective compartment in the
model. The two states are in equilibrium so that the energy can migrate
between them. In this and in the subsequent analysis we do not consid-
er a separate compartment for the ultrafast component observed in the
global analysis. This allows us to simplify the model in the presence of
singlet–singlet annihilation (see below). Also, as all of the signal in
qFCPa is gone after the second quenching process (within our instru-
ment resolution), no long-lived components, such as those correspond-
ing to (unquenched) singlet and triplet states, are necessary in the
target analysis.
The two-state kineticmodel is depicted in Fig. 5 alongwith the SADS
estimated from the 2.5 nJ/pulse data. The compartments are represen-
tative of sub-populations of the Chl a pool. The initial populations are
parameters estimated from the data. The population amplitudes of the
compartments are given at particular lifetimes to facilitate interpreta-
tion of the decay channels (Table 1). A positive value indicates recovery
of a signal, or a decrease in population, whereas a negative value indi-
cates the growth of a signal, or increase in population. Upon photoexci-
tation, the population resides primarily on Chl 1. At 22 ps we see thatFig. 5. a) Annihilation-free target kinetic model, rate constants inthe population of this compartment is decreasing while that of Chl 2 is
increasing, due to equilibration within the Chl pool. However, to ac-
count for the loss of Chl 1 population, another decay channel must be
contributing. Thus, Chl 1 relaxes via both a fast quenching rate kq1 =
27 ns−1 as well as equilibration with Chl 2. At later times, most of the
remaining population resides on Chl 2, which decays with. The SADS
of Chl 2 exhibits a slightly blue-shifted GSB due to equilibration as
well as a signiﬁcant new contribution from 680 to 715 nm, attributed
to the population of redder states.
The ﬁt from the annihilation-free target model describes the relative
populations of each compartment from initial excitation through the
decay back to ground state. If we consider an arbitrary 100 excitations,
then as determined from the populations derived from the ﬁt, 73 exci-
tations populate compartment Chl 1, and 27 populate compartment
Chl 2. From the ﬁt we can further see that, 76 excitations are quenched
via kq1, and 24 via kq2. The predominant quenching thus occurs via the
fast process, i.e. from the higher energy Chl 1 compartment.
With the addition of a third compartment Chl 1′, we are able to
model and quantify the contribution of singlet–singlet annihilation to
the data at incident pump powers of 10 and 15 nJ/pulse (Fig. 6). The
model was ﬁt simultaneously to all three incident pump powers. The
faster quenching rate, kq1 was a free parameter limited only to be the
same for compartments Chl 1 and Chl 1′. The slower quenching rate
kq2 was held ﬁxed. Annihilation channels were incorporated for Chl 1ns−1. b) SADS of qFCPa, 2.5 nJ/pulse incident pump power.
Table 1
Lifetimes with their amplitudes describing the concentrations for the two-compartment
model ﬁt to the 2.5 nJ/pulse data of qFCPa.
Lifetime (ps) 22 175
Chl 1 0.662 0.074
Chl 2 −0.271 0.540
Table 2
Lifetimes with their amplitudes describing the concentrations for the three-compartment
model ﬁt to the 2.5 nJ/pulse data of qFCPa.
Lifetime (ps) 3 32 196
Chl 1 0.506 0.261 0.031
Chl 1′ −0.496 0.582 0.066
Chl 2 −0.010 −0.414 0.477
1511C. Ramanan et al. / Biochimica et Biophysica Acta 1837 (2014) 1507–1513and Chl 2. The results shown in Fig. 6 represent the resultant ﬁt values.
The quantiﬁcation of the annihilation for the higher incident pump
powers is shown in the SI. Amplitudes of the kinetic ﬁts representing
population dynamics are summarized in Table 2. Upon photoexcitation,
the population resides primarily on Chl 1. At 3 pswe see a decay of Chl 1
and a concomitant rise in population of Chl 1′, as well as some in Chl 2.
This indicates fast equilibration between Chl 1 and 1′, evidenced also by
the slight reduction in amplitude and blue-shift of the SADS of Chl 1′ rel-
ative to 1. At 32 ps,we see decays of both Chls 1 and 1′ and a rise in Chl 2,
indicating equilibration between compartments Chl 1 and 1′with Chl 2,
occurringmore slowly than between Chl 1 and 1′. Furthermore, the loss
of population in the Chls 1 and 1′ is more than the increase in Chl 2,
indicating that part of this decay is due to the fast quenching kq1 =
16 ns−1. Finally, the population resides primarily on the lowest energy
compartment Chl 2 and decays with 196 ps. The SADS of Chl 2 is consis-
tent with that in Fig. 5b.4. Discussion
We have recently shown, by making use of Stark ﬂuorescence spec-
troscopy, that two emitting sites are present in the dissipative state of
FCPa and possibly FCPb [11]. From that study, however, we could get lit-
tle insight into the dynamics of the quenching process and could not put
any quantitative basis on it. Our time-resolved work reported here adds
an important piece to the understanding of the functioning of FCPs as an
energy dissipater. We determined that two quenching channels are
present in the dissipative state of FCPa. Our global and target analysis
allowed us to extract the kinetics of the two processes, determine
their efﬁciency, and to obtain the transient spectra associated with
each of them. The ﬁrst decay channel is faster with a rate constant of
16 ns−1, and is characterized by a spectrum similar to that of the solu-
bilized FCPa but slightly red shifted. The predominant quenching occurs
from this channel, which also exhibits GSB/SE features primarily on the
red-edge of the Qy band. Thus the Chl pool associated with this
quenchingprocessmost likely involves the terminal emitter Chls a, pop-
ulated on multiple timescales.Fig. 6. a) Target kinetic model ﬁt to 2.5 nJ/pulse, rate constants in ns−1. b) SADS of qFCPa, estiThe second and slower decay channel, with a rate constant of
2.7 ns−1, is associated with a spectrum exhibiting increased population
of redder states, visible from 680 to 715 nm. These features observed in
the slower quenching SADS are in agreement with those observed in
the previously mentioned Stark spectroscopy measurements [11]. In
that work, the red-shifted emitting band was tentatively attributed to
emission from a state resulting from interaction between the fucoxan-
thin S1/ICT state and the Qy state of a neighboring Chl a. This state was
observed to have a low quantum yield of ﬂuorescence and so, if ob-
served in our data, would manifest with a very small negative signal,
which is indeed the case. This leads us to propose that the slower
quenching process involves the same red-shifted state seen in the
Stark experiments. It furthermore strengthens the proposition that a
dark state may be involved in its formation. Unlike carotenoids in
plants, such as lutein and zeaxanthin, fucoxanthin possesses an ICT
state coupled to the S1 state [20,21]. We suggest that the red-shifted
state originates from the interaction between the S1/ICT state and one
or more Chls a in the FCPa terminal emitter. In addition to the agree-
ment with the Stark ﬂuorescence results, previous work on artiﬁcial
systems has demonstrated that low-lying carotenoid excited states
can couple with a tetrapyrrole Qy to form energy dissipation channels
[46]. As for the driving force behind its formation, at any given time,
this interaction could already be present in a small fraction of the solu-
bilized sample. Upon aggregation the increased connectivity of the olig-
omeric domains would make the red state accessible from trimeric
subunits which would otherwise be unquenched under solubilized,
i.e. not aggregated, conditions.
It is also possible that a small aggregation-induced conformational
change in the terminal emitter is responsible for the formation of the
new feature we observed under quenched conditions.
Aggregates of light-harvesting complexes have been studied for de-
cades as a model system for NPQ in plants [47] and more recently in di-
atoms [11,29,31]. These models have received some criticism since
aggregation is regarded as artifactual and not representative of the
in vivo physiological environment experienced by the antenna system.
However, more recent reports provide increasing evidence that aggre-
gates of light-harvesting antennae can ormay be present in vivo [48,49].mated from a simultaneous ﬁt at pump powers of 2.5, 10, and 15 nJ/pulse pump powers.
1512 C. Ramanan et al. / Biochimica et Biophysica Acta 1837 (2014) 1507–1513Recent in vivo studies on C. meneghiniana have postulated two NPQ
sites with differing functional connectivity [29,30], which lead to the
suggestion that quenching occurs partially from aggregated antennae
which are associated with PSII and with another quenching process
more strongly dependent on diatoxanthin content and occurring in de-
tached antennae. More recent biochemical work has shown that within
FCPa quenching occurs as a result of aggregation and diatoxanthin bind-
ing [24]. Our results reported here indicate that the two quenching pro-
cesses suggested for in vivo conditions could take placewithin the same
antenna system.
Contrary to previous reports on photoprotection in other photosyn-
thetic organisms, our results do not demonstrate a carotenoid S1 as a
primary quencher for aggregated FCP [4,50]. Given the relatively long
lifetime of the fucoxanthin S1/ICT [20] state and the strong quenching
in FCP we believe that if energy transfer to the S1/ICT state was a dom-
inant quenchingmechanismwewould have been able to detect it in our
experiments. The suggested contribution from a Fx–Chl charge transfer-
type interaction is in agreement with studies of other photosynthetic
organisms which point to the role of chlorophyll–carotenoid [3–7] in-
teractions in photoprotective energy dissipation. In particular, caroten-
oid ICT states have been proposed to be key players in the regulation of
photosynthesis [4,6,10,50]. The fact that the interaction proposed here
involves not just a carotenoid S1, but the Fx S1/ICT state is important
to note, primarily due to the particular energetic nature of this state in
Fx and FCP dynamics. Studies have demonstratedmultiple spectroscop-
ic forms of Fx in polar environments [51], as well as differing transition
dipolemoments not only between the S1 and ICT but also for the S1 state
itself [21,32]. Furthermore, FCPs demonstrate high heterogeneity in the
Fx pool, dependent on growth conditions, and this is also expected to
affect any photoprotection process involving Fx [52]. Excitation energy
transfer efﬁciency from Fx to Chl has also been found to vary within
the Fx pool [15]. Thus, future studies to characterize the proposed
Fx–Chl interaction for photoprotection and the quenching site
could give further information regarding the nature and reason for
the observed heterogeneities within the Fx pigment composition in
FCP.
The existingmodels for photoprotection in FCP point towardsmulti-
ple quenching sites and mechanisms. From our results we propose that
the predominant and faster quenching process in FCPa occurs distinctly
within theChl pool,while the second and slower one, involves the Fx S1/
ICT state which, in cooperation with a nearby Chl, acts as a trap for
photoprotective energy dissipation.
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